Prospective Lava Tubes at Hellas Planitia by Paris, Antonio et al.
           ACCEPTED BY THE JOURNAL OF THE WASHINGTON ACADEMY OF SCIENCES 13 OCT 2019 
        FOR PUB: FALL 2019 1 
 
 
PROSPECTIVE LAVA TUBES AT HELLAS PLANITIA 
LEVERAGING VOLCANIC FEATURES ON MARS TO 
PROVIDE CREWED MISSIONS PROTECTION FROM RADIATION 
ANTONIO J. PARIS, EVAN T. DAVIES, LAURENCE TOGNETTI, & CARLY ZAHNISER 
CENTER FOR PLANETARY SCIENCE 
ABSTRACT 
Mars is currently at the center of intense scientific study aimed at potential human colonization. 
Consequently, there has been increased curiosity in the identification and study of lava tubes for 
information on the paleohydrological, geomorphological, geological, and potential biological 
history of Mars, including the prospect of present microbial life on the planet. Lava tubes, 
furthermore, could serve as in–situ habitats for upcoming crewed missions to Mars by providing 
protection from	 solar energetic particles, unpredictable high-energy cosmic radiation (i.e., 
gamma-ray bursts), bombardment of micrometeorites, exposure to dangerous perchlorates due to 
long-term dust storms, and extreme temperature fluctuations. The purpose of this investigation is 
to identify and study prospective lava tubes at Hellas Planitia, a plain located inside the large 
impact basin Hellas in the southern hemisphere of Mars, through the use of Earth analogue 
structures. The search for lava tubes at Hellas Planitia is primarily due to the low radiation 
environment at this particular location. Several studies by NASA spacecraft have measured 
radiation levels in this region at ~342 µSv/day, which is considerably less than other regions on 
the surface of Mars (~547 µSv/day). Notwithstanding, a radiation exposure of ~342 µSv/day is 
still sizably higher than what human beings in developed nations are annually exposed to on 
Earth. By analyzing orbital imagery from two cameras onboard NASA’s Mars Reconnaissance 
Orbiter (MRO) – the High-Resolution Imaging Science Experiment (HiRISE) and the Context 
Camera (CTX) – the search for lava tubes was refined by identifying pit crater chains in the 
vicinity of Hadriacus Mons, an ancient low-relief volcanic mountain along the northeastern edge 
of Hellas Planitia. After surveying 1,500 images from MRO, this investigation has identified 
three candidate lava tubes in the vicinity of Hadriacus Mons as prospective sites for manned 
exploration. To complement this investigation, moreover, 30 in-situ radiation monitoring 
experiments have been conducted at analog lava tubes located at Mojave, CA, El Malpais, NM, 
and Flagstaff, AZ. On average, the total amount of solar radiation detected outside the analog 
lava tubes was approximately ~0.470 µSv/hr, while the average inside the analog lava tubes 
decreased by 82% to ~0.083 µSv/hr. We infer, therefore, that the candidate lava tubes identified 
southwest of Hadriacus Mons could be leveraged to decrease the radiation and to reduce the 
crew’s exposure from ~342 µSv/day to ~61.64 µSv/day (a decrease of ~82%). This investigation, 
therefore, concluded that terrestrial lava tubes can be leveraged for radiation shielding and, 
accordingly, that the candidate lava tubes on Mars (as well as known lava tubes on the lunar 
surface) can serve as natural radiation shelters and habitats for a prospective crewed mission to 
the planet. 
 
 
THE RADIATION ENVIRONMENT ON MARS 
Earth’s magnetic field protects us from harmful solar and galactic cosmic radiation. Though 
astronauts in low-earth orbit are more exposed to radiation than humans on the ground, they are still 
protected by Earth’s magnetosphere. Outside our magnetosphere, however, radiation is more problematic. 
Research studies of exposure to various strengths and doses of radiation provide strong evidence that 
degenerative diseases and/or cancer are to be expected from too much exposure to solar energetic 
particles and/or galactic cosmic rays.1 Galactic cosmic radiation contains highly ionizing heavy ions that 
have large penetration power in tissue and that may produce extremely large doses, leading to early 
radiation sickness or death if adequate shelter is not provided.2 During the Apollo program, for 
illustration, astronauts on the moon reported headaches, reported seeing flashes of light, and experienced 
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painful cataracts.3 These symptoms, known as Cosmic Ray Visual Phenomena, were due to radiation 
from cosmic rays interacting with matter and deposing its energy directly in the eyes of the astronaut.4 
The Apollo missions, however, were comparatively short, and they cannot be likened to a multi-year 
presence on the surface of Mars. 
Approximately 4.2 billion years ago, due to either rapid cooling in its central core or a massive 
impact from an asteroid or comet, the magnetic dynamo effect on Mars stopped, and its magnetosphere 
weakened dramatically.5 As a result, over the course of the next 500 million years, the Martian 
atmosphere was gradually stripped away by the solar wind. Between the loss of its magnetic field and its 
atmosphere, the surface of Mars is now exposed to much higher levels of solar and cosmic radiation than 
Earth. In addition to regular exposure to solar energetic particles and galactic cosmic rays, the planet 
receives intermittent harmful blasts that occur from strong solar flares, as well as the bombardment of 
meteors.4 A crewed mission to the surface of Mars, consequently, will introduce the crew and its critical 
life-support equipment to an environment outside a much-needed magnetosphere. They will be at risk of 
absorbing sudden fatal radiation doses, as well as assuredly suffering cellular and DNA damage from 
chronic high background radiation, which will lead to cancer. Additionally, there is a risk of an 
unpredictable cosmic ray burst or a meteor shower capable of critically damaging the crew’s life-support 
equipment.1 
Numerous investigations by NASA have established that the surface of Mars receives a varying 
amount of radiation. The difference is largely due to where the solar wind interacts with electrically 
charged particles in the Martian upper atmosphere and the particular topographic elevation on the planet. 
The Mars Atmosphere and Volatile Evolution (MAVEN) spacecraft, for illustration, detected the 
interaction of the solar wind with electrically charged particles of the Martian atmosphere.6 Atoms in the 
upper atmosphere became electrically charged ions after being energized by solar and cosmic radiation. 
Because they are electrically charged, these ions interact with the magnetic and electric forces of the solar 
wind, a thin stream of electrically conducting gas ejected from the surface of the Sun.4 As explained in 
Figure 1, the lines represent the paths of individual ions, and the colors represent their energy, E, 
measured in electron volts (eV). The MAVEN investigation concluded that the northernmost polar plume 
contains the most energetic ions, ranging as high as ~20,000 E (eV) – with the surface of the planet’s 
northern polar region receiving approximately ~10,000 to ~1,000 E (eV), the southern polar region 
receiving ~1,000 to ~100 E (eV), and the mid-latitudes receiving the lowest at ~300 to ~10 E (eV).7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: MAVEN Investigation of the Solar Wind on Mars. 
(Source: NASA) 
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Similarly, the NASA Mars Odyssey spacecraft was equipped with a special instrument called the 
Martian Radiation Experiment (MARIE), which was also designed to measure the radiation environment 
on Mars.8 Over the course of 18 months, MARIE detected ongoing levels of radiation that were 
considerably higher than what astronauts experience on the International Space Station (~200 µSv/day).5 
At high topographic elevations, MARIE detected radiation levels at ~547 µSv/day, which equates to 
~200,000 µSv/year (Figure 2). Although there are no immediate symptoms while being exposed to ~547 
µSv/day, exposure to these levels of radiation for one year is four times the maximum annual allowable 
exposure for U.S. radiation workers (50,000 µSv/year), which can cause radiation sickness.9 In contrast, 
the radiation levels at lower elevations were measure at ~273 µSv/day, because those areas have more 
atmosphere above them to block out a considerable amount of the radiation.10 For comparison, humans in 
developed nations are exposed to, on average, ~6,200 µSv/year.11 
 
 
 
In September 2017, strong energetic particles from a coronal mass ejection were detected both in 
Mars orbit and on the surface (Figure 3).12 In orbit, MAVEN detected energetic particles as high as 220 
million E (eV), which produced radiation levels on the surface more than double any previously measured 
by Curiosity’s Radiation Assessment Detector (RAD).13 RAD is an energetic particle detector capable of 
measuring all charged particles that contribute to the radiation health risks that future crewed missions to 
Mars will face.14 At the time of the coronal mass ejection, Curiosity was positioned inside Gale Crater at 
an elevation of ~4,500 m. As cited previously, a lower elevation on Mars allows for additional 
atmosphere above the rover, which aids in blocking out a considerable amount of radiation. At Gale 
Crater, the normal background radiation measured by RAD prior to the coronal mass ejection was ~220-
270 µSv/day, which is similar to what MARIE detected (~273 µSv/day). However, during the coronal 
mass ejection, RAD detected radiation levels at ~600 µSv/day – over twice the normal background 
radiation at Gale Crater (Figure 3).12 While studies have shown that the human body can withstand a 
single dose of up to 2,000,000 µSv without permanent damage,4 prolonged exposure to strong energetic 
particles will lead to health complications – including acute radiation sickness (nausea, vomiting, 
weakness, headaches, purpura, hemorrhage, infections, diarrhea, leukopenia), genetic damage, and 
possibly death. Moreover, exposure to more than 5,000,000 µSv would kill half of those exposed within a 
month, and 10,000,000 µSv would be fatal within days.15 
Figure 2: MARIE Investigation of the Cosmic Radiation Environment on Mars. 
(Source: NASA) 
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The data from MAVEN, MARIE, and RAD show that the solar wind and other violent solar 
activity, such as solar flares and coronal mass ejections, continue to strip away the Martian atmosphere – 
but more importantly, they make the northern latitudes less desirable for human exploration. The data 
indicate, moreover, that a crewed mission should more prudently be placed along the mid-to-southern 
latitude range – where there is minimized ionic activity from the solar wind (i.e., Hellas Planitia). 
Furthermore, the data suggest that the crew should be placed at lower elevations along the surface of Mars 
(again, Hellas Planitia), with its thicker atmosphere, which will help to block out the radiation by a factor 
of two. Additionally, a crewed mission on Mars should be effectuated during a solar minimum (the period 
of least solar activity in the 11-year solar cycle of the Sun) to ensure that exposure to radiation due to a 
solar flare and/or coronal mass ejection is minimized.16 
 
 
ANCIENT VOLCANISM ON MARS 
Volcanic activity has played an extensive role in the geologic development of Mars. Planetary 
scientists have acknowledged since the Mariner 9 mission in 1972 that volcanic topographies cover great 
portions of the Martian surface. These geological features include widespread lava flows, lava plains, and 
the largest known volcanic peaks in the solar system, including the highest, Olympus Mons.17 Volcanic 
features on Mars range in age from the Noachian (> 3.7 billion years) to the late Amazonian (< 500 
million years) eras, demonstrating that Mars was volcanically active early in its history.18 Mars, 
moreover, is a differentiated terrestrial planet that formed from analogous chondritic materials.19 Many of 
the same magmatic processes that occurred on Earth, for comparison, also took place on Mars. The two 
planets are sufficiently comparable compositionally that similar names can be applied to their igneous 
rocks and minerals.20 The shape and size of volcanoes on Mars, though, were largely dependent on a set 
of environmental conditions and properties dissimilar to Earth. Lesser atmospheric pressure altered the 
scattering of ejected material, a higher eruption rate allowed for the lava on the surface to pile up higher, 
and lower gravity facilitated wider dispersion.21 Consequently, volcanoes and lava tubes on Mars are 
more than twice as large as their terrestrial analogues. 
 
Figure 3: Radiation data collected by MAVEN and RAD during the September 2017 solar storm. 
(Source: NASA) 
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THE FORMATION OF LAVA TUBES 
Lava is molten rock that is ejected by a volcano during an eruption. The molten rock on Mars was 
formed in the interior of the planet in high temperatures produced by geothermal energy. When the lava 
first erupts from a volcanic vent, it is in a liquid state, typically at temperatures ranging from 1,292° to 
2,192°F.22 A lava flow, in contrast, is an outburst of lava that moves during a non-explosive effusive 
eruption. When the lava flow stops moving, it cools and hardens to form igneous rock. While lava can be 
up to 100,000 times more viscous than water, it can flow for a large distance before abating and 
solidifying.23 Lava flows can occasionally form lava tubes – natural subsurface caves or caverns – which 
appear to form because of rapid lava flow. Lava tubes, which are usually made from extremely fluid 
pahoehoe lava, typically form when the exterior surface of lava channels cools more rapidly and forms a 
strong crust over the subsurface lava.24 The lava flow ultimately stops and drains out of the tube, leaving a 
conduit-shaped void located several feet underneath the surface (Figure 4). As we discussed above, as 
gravity on Mars is 37% of that on Earth, lava flow, and subsequently lava tubes on Mars, are generally 
much larger than those found on Earth.25  
 
 
 
 
 
 
 
 
 
 
 
 
 
IDENTIFYNG PIT CRATER CHAINS AND LAVA TUBES 
Lava tubes below the surface of Mars, as well as those below the lunar surface, can be identified 
by locating pit craters in the vicinity of known ancient lava flows. A pit crater is a circular or elliptical 
depression shaped by the collapsing or sinking of the surface lying above a void or hollow cavity, rather 
than by the eruption of a lava vent or volcano. Pit craters generally lack a raised rim, uplifting, ejecta 
blankets associated with impact craters, or radial patterns of lava flows discharging downslope from 
volcanic calderas.26 There are generally two types of pit craters – atypical and bowl-shaped. Atypical pit 
craters exhibit a distinctive set of morphologies and characteristics that set them apart from the commonly 
observed bowl-shaped pit craters. Instead of bowls, the interior of atypical pit craters is cylindrical or bell-
shaped with vertical to overhanging walls that extend down to their floors without forming talus slopes.27 
In some instances, atypical pit craters show evidence of vents, fissures, and caverns/caves that could be 
intact. 
Figure 4: Prof. Antonio Paris, the Principal Investigator, conducting 
research at the El Calderon lava tubes in El Mapais, New Mexico. 
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Pit craters have been discovered on Earth, Mars, as well as on the various moons in our solar 
system (including our Moon).28 They are generally located in a series of ranged or offset chains; and in 
these instances, they are referred to as pit crater chains (Figure 5). When adjacent walls between pits in a 
pit crater chain collapse, they become troughs.29 A commonly invoked hypothesis to explain these troughs 
is that they are collapsed lava tubes, essentially tunnels formed underground by rivers of lava.30 
Through the use of spacecraft imagery, lava tubes on Earth, Mars and the Moon can be visually 
detected in two ways. The first method is by recognizing troughs or rilles, which, as mentioned 
previously, are believed to be the remains of collapsed lava tubes. The second method is by pinpointing 
“skylights” – dark, nearly rounded features that are hypothesized as entrances to lava tubes.31 At this 
point, light from the Sun enters into the permanent darkness of the lava tube from above, forming a 
skylight.20 Many lava tubes on Earth, for instance, have been identified through the discovery of skylights 
(Figure 5). As is the case on Earth, access to uncollapsed sections of lava tubes on Mars is available by 
entering through a skylight, at the end of the trough or rille where a cave/cavern could lead into the lava 
tube, or by drilling or blasting through the roof of a lava tube.32  The Lunar Reconnaissance Orbiter, 
moreover, has imaged over 200 pits craters on the lunar surface. Many of these lunar pits craters show 
skylights into subsurface voids or caverns, ranging in diameter from about 5m to more than 900m, 
although some of these are likely to be post-flow features rather than volcanic skylights.33 Moreover, 
there is observational evidence from orbiting spacecraft to infer there are lava tubes along the Marius 
Hills, Hadley Rille and Mare Serenitatis regions of the Moon. 34 While the lunar surface varies in 
temperature from -180 C to +100 C, the interior of these lunar lava tubes could remain at a constant -20 
C. Therefore, lava tubes on the Moon (as well as on Mars), once sealed off, could be warmed up and 
pressurized with a breathable atmosphere.35 
 
 
Figure 5: Similarities between a pit crater chain and pit crater “skylight” at El Mapais, NM 
(top image) and South of Arsia Mons on Mars (bottom image). (Source: NASA, Processing: 
Center for Planetary Science) 
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HELLAS PLANITIA: 
PROSPECTIVE SITE FOR MANNED EXPLORATION 
Hellas Planitia is a large meteorite impact basin located at 42° 42’ S and 70° 00’ E, in the 
southern hemisphere of Mars, in the Hellas and Noachis quadrangle.36 The impact basin is thought to 
have been formed during the Late Heavy Bombardment period of the Solar System, approximately 4.1 to 
3.8 billion years ago, when a large asteroid hit the surface. It is 2,300 km in diameter, and it is one of the 
largest known impact craters in the solar system (Figure 6).37 Measurements made by the Mars Orbiter 
Laser Altimeter (MOLA) instrument onboard the Mars Global Surveyor spacecraft indicate that the basin 
floor is ~7,152 m deep – making Hellas Planitia one of the bottom-most geographic elevations on the 
planet.38 At this depth, consequently, Hellas Planitia has one the lowest ongoing radiation levels on Mars. 
According to data from NASA’s MARIE experiment, radiation levels at Hellas Planitia have 
been measured at ~1 x 105 µSv/year, as opposed to the higher topographic elevations on Mars, which were 
measured at ~2 x 105 µSv/year (Figure 6).8 The depth of the basin, moreover, is below the standard 
topographic datum of Mars, which explains the atmospheric pressure at the bottom of the basin: 12.4 
mbar during the northern summer. This is 103% higher than the pressure at the topographical datum (6.1 
mbar) and above the triple point of water, indicating that a liquid phase might be present under certain 
conditions of temperature, pressure, and dissolved salt content.39 These conditions could provide the crew 
on Mars the opportunity to identify and study lava tubes in this region for information on the geological, 
paleohydrological, overall geomorphological, and potential biological history of the planet. While there is 
as of yet no evidence for this, an exciting notion is that, as with extremophile environments on Earth, 
these locations may serve as habitats for possible microbial life on Mars.40 
 
 
 
 
 
 
 
 
Figure 6: An expanded view of the radiation environment at Hellas Planitia. 
(Source: Center for Planetary Science) 
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HADRIACUS MONS REGION: 
PROSPECTIVE LAVA TUBES FOR MANNED EXPLORATION 
Hadriacus Mons is an ancient, low-relief volcanic mountain located along the northeastern edge 
of Hellas (Figure 7). The volcano has a diameter of 450 kilometers, and its features differ from other 
volcanos such as Olympus Mons and the others in Tharsis and Elysium. Hadriacus’s low slopes, wide 
structure, and heavily scored flanks suggest that it is made of eroded materials.41 Planetary scientists 
classify this volcanic debris as pyroclastic, from the Greek meaning “fire-broken.” The large extent of 
volcanic deposits and the caldera size, moreover, leads some planetary scientists to infer that these 
geological topographies were the result of an explosive event caused by a contact between erupting 
magma and groundwater.42 
 
 
 
 
 
 
 
 
 
 
 
 
The low radiation levels along the lava flows in this region that extends from Hadriacus Mons 
into Hellas Planitia make the location a prime candidate for human exploration. According to data from 
NASA’s MARIE experiment, radiation levels in this region have been measured at ~1.25 x 105 µSv/year 
(~342.46 µSv/day), which, as previously mentioned, is considerably lower than the higher topographic 
elevations on Mars, which were measured at ~2 x 105 µSv/year. Notwithstanding, a radiation exposure of 
1.25 x 105 µSv/year is still sizably higher than what human beings in developed nations are annually 
exposed to on Earth. The lava tubes near Hadriacus Mons, consequently, could be used as natural 
radiation shelters and habitats for a crewed mission to the planet. These natural caverns have roofs 
estimated to be tens of meters thick, which would provide the crew protection from not only exposure to 
too much radiation, but also the bombardment of micrometeorites, exposure to dangerous soil 
perchlorates due to long-term dust storms, and extreme temperature fluctuations.43 Moreover, although 
the exact conditions of the interior of Martian lava tubes will remain unknown until they are actually 
explored, planetary scientist are of the consensus that they represent prime locations for direct observation 
of pristine Martian bedrock, where keys critical to understanding the natural history of this planet will be 
found.33 
The NASA HiRISE and CTX data used in this study were available through NASA’s Planetary 
Data System (PDS). MRO CTX observes Mars’s surface at ~6 m/pixel in swaths of 30 km across and up 
to ~160 km in length. MRO also observes the Martian surface earlier in the day; thus, more pit craters can 
be observed with partially sunlit floors.32 A partially sunlit floor allows planetary scientists to identify 
Figure 7: An expanded view of Hadriacus Mons along the edge of Hellas Planitia  
 (Source: NASA and Center for Planetary Science) 
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specific pit crater characteristics such as skylights, individual boulders, dusty, or rocky surface textures, 
overhanging rims, wall and floor morphologies, and bedrock stratification.32 
An analysis of 1,500 HiRISE and CTX images of the Hellas Planitia basin uncovered several 
volcanic features southwest of Hadriacus Mons, which were subsequently identified as candidate lava 
tubes (Figure 8). The first candidate lava tube identified in this study is located southwest of Hadriacus 
Mons in the Dao Vallis region at latitude -36.961° and longitude 87.841°E (MRO CTX Catalog: 
J11_049132_1423_XN_37S272W). The ~4,500-meter collapsed lava pit (Figure 8a), which is positioned 
between two partially collapsed sinuous pit crater chains, depicts two surface areas that have not 
collapsed (Figure 8a and 8b). Imagery analysis indicates the area of the northern uncollapsed surface is 
~600 meters long and ~300 meters wide (Figure 8a), and that the area of the southern uncollapsed surface 
is ~900 meters long and ~600 meters wide (Figure 8b). Further analysis of the ~4,500-meter collapsed 
lava pit with its contrast range limited to low-end radiance values indicate that the pit crater walls 
encompassing both uncollapsed areas are structurally intact – ruling out a lava bridge – indicating that a 
lava tube below the surface is plausible, since these parts of the pit crater chain have not collapsed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The second candidate lava tube identified in this study is located south of Hadriacus Mons in the 
Dao and Niger valleys region at latitude -33.256° and longitude 93.980°E (MRO CTX Catalog: CTX: 
P13_006237_1475_XN_32S266W). An analysis of the CTX imagery depicts an atypical pit crater with a 
diameter of ~700 meters positioned between two sinuous chains of partially collapsed elliptical bowl-
shaped pit craters (Figure 9a). The same atypical pit crater with its contrast range limited to low-end 
radiance values depicts the presence of a possible overhanging rim or shoulder along the northern section, 
which could be the entrance to a lava tube (Figure 9b). As mentioned previously, the leading accepted 
hypothesis is that since the pit crater chains East and West of this atypical pit crater have not fully 
collapsed, then a lava tube could exist below the surface. 
Figure 8: Candidate lava tubes south of Hadriacus Mons. (Credit: Center for Planetary Science) 
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The third candidate lava tube identified in this study is located southwest of Hadriacus Mons in 
the Dao Vallis region at latitude -36.870° and longitude 89.498°E (MRO CTX Catalog: 
F03_036987_1432_XN_36S270W). The ~25-meter collapsed pit, which appears to indicate the entrance 
to a candidate cavern and/or cave, is preceded by a partially collapsed trough (Figure 10a). The collapsed 
trough is sinuous, and, as previously cited, it could be associated with the presence of a lava tube below 
the surface. The same collapsed pit with its contrast range limited to low-end radiance values depicts the 
presence of boulders that more than likely arose from the collapse of the western wall section, which 
could be the entrance to a lava tube (Figure 10b). The region of the candidate lava tube, moreover, is 
characterized by numerous sinuous collapsed pit crater chains ranging in size – providing further evidence 
that one or more lava tubes could exist below the surface. Interestingly, this proposed lava tube is 
analogous to Giant Ice Cave in El Mapais, NM (Figure 11), which is also characterized by a partially 
collapsed sinuous trough that leads into the entrance of a lava tube. 
 
 
 
 
Figure 10: Candidate lava tubes south of Hadriacus Mons. (Credit: Center for Planetary Science) 
Figure 9: Candidate lava tubes south of Hadriacus Mons. (Credit: Center for Planetary Science) 
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RADIATION EXPERIMENTS AT TERRESTRIAL ANALOG LAVA TUBES 
 
To ascertain whether lava tubes on Mars (or correspondingly the lunar surface) could be used by 
surface crews to reduce exposure from solar or cosmic radiation, we conducted 30 analog radiation 
experiments. The experiments were conducted during solar noon at terrestrial lava tubes (Figure 11) 
located at Mojave, CA (Aiken), El Mapais, NM (Big Skylight, Giant Ice Cave, and Junction Cave) and 
Flagstaff, AZ. (Lava River Cave). Because radiation from the sun strikes the surface of Earth at different 
angles, conducting the experiments at solar noon (when the sun is directly overhead) allowed the surface 
area where the experiments were conducted to receive the most electromagnetic energy from the sun 
possible.44 Furthermore, a sun at 90° above the surface of each lava tube prevented the radiation from 
becoming too scattered and diffused. 
The Geiger counter for this experiment was equipped with a halogen-quenched, long thin 
cylindrical Geiger-Mueller tube capable of detecting Gamma and X-rays (ionizing radiation) down to 10 
keV thru the window, 40 keV minimum through the case, and with a Gamma sensitivity of 10,000 
µSv/hr. Although Earth’s atmosphere and magnetic field protect us from most ionizing radiation from the 
Sun, streams of ionizing radiation still reach the surface of Earth. Occasionally, during a solar particle 
event, larger amounts of ionizing radiation strike the surface of the Earth, which can also be detected by 
the Geiger counter.  
 
Figure 11: Lava tube maps and the interior locations (black triangle) where each radiation 
experiment was conducted. 
(Map Sources: Mojave lava tube sketched by Prof. Antonio Paris, others National Park Service) 
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Preceding each experiment, the device was turned on for a minimum of one hour to establish a 
baseline reading. The experiment was then conducted in two parts – measuring the amount of solar 
radiation outside the lava tube and then comparing it with the amount of solar radiation measured inside 
the lava tube. In total, six one-hour readings were completed for each lava tube (three exterior and three 
interior) for a total of 30 observation hours (Table 1). On average, the total amount of radiation detected 
during solar noon on the exterior of all five lava tubes was ~0.471 µSv/hr (V1) while the average radiation 
detected inside the lava tubes was ~0.083 µSv/hr (V2). Furthermore, during the experiments, we observed 
a significant drop in temperature (Table 1) inside the terrestrial lava tubes, which likewise would be the 
case for lava tubes on Mars. 
 
When we applied the percentage change equation (Figure 12), the results of the radiation 
experiment showed that, on average, the amount of radiation (Al) in the interior of the analog lava tubes 
decreased by an average of 82%. We can infer, therefore, that the candidate lava tubes identified 
southwest of Hadriacus Mons could be leveraged to decrease the radiation by ~82% and, accordingly, to 
reduce the crew’s exposure from ~342.46 µSv/day to ~61.64 µSv/day. 
 
 
 
 
 
 
 
 
 
Table 1: Average amount of radiation (µSv/hr) measured at five terrestrial lava tubes. 
(Source: The Center for Planetary Science) 
Figure 12: Percentage change equation for radiation reduction inside analog lava tubes. 
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CONCLUSION 
An analysis of HiRISE and CTX imagery of the Hellas Planitia basin, specifically southwest of 
Hadriacus Mons, identified pit crater chains consistent with known lava tube morphology. Although the 
internal structural conditions of the candidate lava tubes remain largely unknown, a close examination of 
the satellite surface imagery suggests that sections of the pit crater chains have not collapsed, and 
therefore that lava tubes below the surface could be internally intact. Furthermore, the candidate lava 
tubes identified in this investigation are positioned in a region of Mars that regularly has lower radiation 
exposure than other regions on the planet. Though a background radiation environment of ~342.46 
µSv/day is still significantly high, the terrestrial analog experiments conducted at Mojave, CA, El 
Malpais, NM, and Flagstaff, AZ concluded the lava tubes southwest of Hadriacus Mons could reduce the 
crew’s exposure to radiation to ~61.64 µSv/day. The results of this investigation, therefore, indicate that 
the proposed lava tubes southwest of Hadriacus Mons can and should be utilized to serve as natural 
shelters for a crewed mission to the planet. These natural caverns would provide the crew protection from 
excessive radiation exposure, shelter them from the bombardment of micrometeorites, reduce their 
exposure to hazardous perchlorates in the Martian regolith, and provide them a degree of protection from 
extreme temperature fluctuations. The candidate lava tubes, moreover, can serve as important locations 
for direct observation and study of Martian geology and geomorphology, as well as potentially 
uncovering any evidence for the development of microbial life early in the natural history of Mars. 
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